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Many technologies emerging from quantum information science heavily rely upon the generation and manipulation of entangled
quantum states. Here, we propose and demonstrate a new class of quantum interference phenomena that arise when states are
created in and coherently converted between the propagating modes of an optical microcavity. The modal coupling introduces
several new creation pathways to a nonlinear optical process within the device, which quantum mechanically interfere to
drive the system between states in the time domain. The coherent conversion entangles the generated biphoton states between
propagation pathways, leading to cyclically evolving path-entanglement and the manifestation of coherent oscillations in second-
order temporal correlations. Furthermore, the rich device physics is harnessed to tune properties of the quantum states. In
particular, we show that the strength of interference between pathways can be coherently controlled, allowing for manipulation
of the degree of entanglement, which can even be entirely quenched. The states can likewise be made to flip-flop between
exhibiting initially correlated or uncorrelated behavior. Based upon these observations, a proposal for extending beyond a
single device to create exotic multi-photon states is also discussed.
A worldwide effort is underway to unlock the practi-
cal and potentially transformative utilities of quantum
systems[1–7]. If successful, a broad range of fields stand
to be revolutionized, including information processing
[1, 8–11], simulation [12], communication [13], security
[14, 15], and metrology [16, 17]. And as with many
nascent technological revolutions, it is not immediately
clear which architectures will prove most useful in real-
izing these developments. It is, however, without doubt
that the efficacy of such systems is linked to how profi-
ciently they can generate and manipulate quantum states
and their entanglement. To this end, it is especially im-
portant that new concepts are developed which carry out
these functions while remaining broadly implementable.
As a result of the research interest in this area, nu-
merous methods have been established to generate and
manipulate quantum states. A particularly promising
approach involves the quantum interference of multiple
excitation/creation pathways, which coherently drives a
system between states in the time domain. These pro-
cesses have led to a diverse set of important phenom-
ena, including governing the dynamics of electron spins
in semiconductors [18], many-body oscillations in cold
atoms [19], superconducting flux qubits in Josephson
junctions [20], inversionless laser oscillations in atomic
media [21], and polarization entanglement between pho-
ton pairs emitted from biexcitons [22], to name a few.
Here, we propose and demonstrate a new class of quan-
tum interference phenomena that result when quantum
states are created in and coherently converted between
propagating electromagnetic cavity modes. We real-
ize this concept by implementing a nonlinear optical
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process between the coupled counter-propagating modes
of a microresonator – establishing multiple energy-level
pathways for photon pair creation. In doing so, we
are able to generate tunable photonic quantum states
which are imparted with intrinsic time-evolving path-
entanglement and exhibit coherent oscillations in their
second-order temporal correlations. In particular, we
show that the ability to conveniently tune properties
of the optical microresonator translates to a powerful
platform for manipulating the state and its entangle-
ment properties via quantum interference. Furthermore,
we demonstrate that varying the cavity photon lifetime
transforms the system from producing strongly entan-
gled quantum states of light with extremely high-contrast
two-photon interference visibility, to a regime where the
entanglement and oscillations are quenched and the pho-
ton statistics return to the behavior of an uncoupled sys-
tem. The device may also be configured to flexibly set the
probability amplitudes associated with generating pho-
ton pairs in one or the other propagation modes, thus
providing a means to explore how internal symmetry af-
fects the quantum state and entanglement.
We implement the concept within a whispering-gallery
mode (WGM) microresonator that supports spontaneous
four-wave mixing (SFWM), a χ(3) nonlinear optical pro-
cess [23], between three interacting cavity modes (see
Fig. 1). As shown in Fig. 1(a),(b), photons are cou-
pled from a forward-propagating pump into the pump
(p) mode alone, but may spontaneously scatter into the
adjacent signal (s) and idler (i) modes, in accordance
with energy conservation. When weakly pumped, this
vacuum-seeded nonlinear wave mixing process produces
correlated bipartite states [24, 25].
Rotationally symmetric microresonators support two
degenerate modes for each resonance frequency, forward
(clockwise) and backward (counterclockwise) traveling,
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2which do not exchange energy in the absence of cou-
pling [26]. Thus, when photons are generated inside an
uncoupled microcavity they are restricted to remain in
a single propagation mode and are the result of a sin-
gle creation pathway (see Fig. 1(b)), precluding quan-
tum interference. If, however, a coupling is introduced
between the counter-propagating modes, then the pro-
posed phenomena may be realized through the estab-
lishment of a coherent conversion process. In the spe-
cific implementation considered here, photons are con-
verted between the forward (f) and backward (b) prop-
agation modes at a rate of βm (m = p,s,i), which is re-
vealed through, H0 =
∑
m{~ω0m(a†mfamf + a†mbamb) −
~(βma†mfamb + β∗ma
†
mbamf )}, the unperturbed Hamilto-
nian (see Appendix C for the complete Hamiltonian).
One of the key consequences of modal coupling is
that it erases the ‘which-path’ information from the sys-
tem. For instance, when a photon exits the device it is
fundamentally impossible to know whether it was orig-
inally generated in that propagation direction or con-
verted from the counter-propagating mode. The same
rule applies to its correlated partner photon, which to-
gether form the bipartite state. Thus, the probability
amplitudes describing these alternative pathways add co-
herently, enabling quantum interference [27]. To gain fur-
ther insight into how modal conversion affects the system,
we start by examining H0. The coupling-induced energy
splitting is apparent after diagonalization, which here,
amounts to rotating to a standing-wave basis with eigen-
vectors composed of symmetric and antisymmetric com-
binations of traveling waves, and shifted eigenfrequen-
cies, ω±0m = ω0m ± |βm|. By applying the same transfor-
mation to the interaction Hamiltonian, we uncover how
the coupling modifies the nonlinear optical processes re-
sponsible for generating the tunable photonic quantum
states. In the standing-wave basis, the interaction Hamil-
tonian becomesHint =
~
2g(a
†
s−a
†
i−+a
†
s+a
†
i+)(a
2
p−+a
2
p+)+
~g(a†s−a
†
i+ + a
†
s+a
†
i−)ap−ap+ + h.c., which reveals the di-
verse set of photon creation pathways that result from
the coherent conversion between modes (see Fig. 1(c) and
Appendix D).
Another critical feature of modal coupling is the ef-
fect it has on the driving field. Although a single ex-
ternal pump is provided, the device splits it into two
counter-propagating cavity modes (see Fig. 1(a)). Now
pairs of photons from either the forward or backward
pump modes can participate in the nonlinear optical
process. Furthermore, the modal conversion is coher-
ent, and therefore establishes a definite phase between
them. To satisfy conservation of angular momentum
[23], photon pairs are only created in the co-propagating
states. Thus, if we assume an undepleted classical pump
and closed system, the photonic quantum states gener-
ated within the cavity will be of the form, |ψ(t = 0)〉 =
cf |f〉s |f〉i+cb |b〉s |b〉i, where t=0 denotes the time of cre-
ation, and the complex coefficients, cf and cb are set by
properties of the pump modes (see Appendix D). How-
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FIG. 1. Photon pair creation between coherently coupled
counter-propagating whispering-gallery modes (WGMs). (a)
A forward-propagating pump wave (green) evanescently cou-
ples into the microdisk, on resonance with the pump cavity
mode, building up a strong intracavity field in the forward
direction, apf . In the presence of degenerate mode coupling,
the backward-traveling intracavity pump field, apb, also expe-
riences a coherent buildup. Through spontaneous four-wave
mixing (SFWM), signal (blue) and idler (red) photons are
created between their respective coherently coupled forward
and backward intracavity modes, establishing tunable pho-
tonic quantum states with time-evolving path-entanglement.
The photon pairs are coupled from the cavity into four trans-
mitted fields: signal forward (SF), signal backward (SB),
idler forward (IF), and idler backward (IB). Hence, corre-
lations are established between photon pairs in the four path
configurations: SF-IF, SF-IB, SB-IF, SB-IB. (b) Energy dia-
gram and spectral emission profiles for SFWM in an uncou-
pled optical microresonator. (c) Energy diagrams and spec-
tral emission profiles for SFWM between coupled counter-
propagating WGMs. Green lines indicate which pairs of pump
photons are annihilated for the various creation pathways.
The dashed creation pathways are only relevant for extremely
short timescales, as permitted by the uncertainty principle.
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FIG. 2. Characterization of the silicon microdisk and coupling-induced resonance splitting. (a) A scanning electron microscope
(SEM) image of the silicon microdisk suspended via a silica pedestal. (b) Normalized cavity transmission spectrum with labels
indicating the signal (S), pump (P), and idler (I) modes used in the cavity-enhanced spontaneous four-wave mixing (SFWM)
process. (c) High magnification SEM image of the device in (a). Here, we observe the nanometer-scale surface roughness which
mediates the Rayleigh-scattering-induced coupling between counter-propagating modes. (d)-(f) Detailed versions of the signal,
pump, and idler doublet transmission profiles (blue), respectively, along with the fits (magenta) used to extract intrinsic optical
Qs and modal coupling rates. ∆: Detuning.
ever, forward and backward are not eigenstates of the
coupled cavity, and thus evolve in time, resulting in a
versatile quantum state (see Appendix E),
|ψ(t)〉 = (cf cos2(βt)− cb sin2(βt)) |f〉s |f〉i + (1)(
cb cos
2(βt)− cf sin2(βt)
) |b〉s |b〉i +
i (cf + cb) sin(2βt)
( |f〉s |b〉i + |b〉s |f〉i ),
where we have assumed equal coupling rates for the
pump, signal and idler modes. In the case that cf =
cb, then we clearly see the evolution through different
Bell states inside the cavity. For instance, at t=0, the
state is composed of maximally entangled co-propagating
photons, |ψ(t = 0)〉 ∝ |f〉s |f〉i + |b〉s |b〉i, whereas at
t = pi/(4β), the state is composed of maximally en-
tangled counter-propagating photons, |ψ(t = pi/(4β))〉 ∝
|f〉s |b〉i + |b〉s |f〉i.
Device realization
There are numerous systems that may be used to
achieve photon generation between coupled counter-
propagating modes. Here, we have chosen to demonstrate
this phenomenon in a high-Q silicon microdisk. In recent
years, there has been interest in silicon microresonators
as chip-scale sources, because they can produce ultra-
pure photon pairs with high spectral brightness, strong
temporal correlations, and emission wavelengths in the
telecommunications band [28–35]. Additionally, they
may be fabricated using complementary metal-oxide-
semiconductor (CMOS) compatible processes, indicating
the possibility of mass manufacturing [36].
A scanning electron microscope (SEM) image of our
suspended silicon microdisk, with a radius of approxi-
mately 4.5 µm and thickness of 260 nm, is shown in
Fig. 2(a). In Fig. 2(b) we plot the normalized cavity
transmission which exhibits multiple quasi-transverse-
magnetic (quasi-TM) mode families, with the pump (p)
at λp = 1550.6 nm, signal (s) at λs = 1532.5 nm, and
idler (i) at λi = 1569.2 nm. Frequency matching among
the interacting cavity modes is achieved by engineering
the group-velocity dispersion of the device, consequently
enabling efficient SFWM. The nanometer-scale roughness
at the surface of the microdisk (see Fig. 2(c)) mediates
Rayleigh scattering between the traveling modes, lead-
ing to a coherent coupling [38], as is evidenced by the
formation of doublets in the transmission profiles (see
Fig. 2(d)-(f)). The intrinsic optical Qs for the pump,
signal, and idler resonances are extracted from fits of the
doublets in Fig. 2(d)-(f), and are respectively found to be,
Q0p = 1.27×106, Q0s = 1.32×106, and Q0i = 1.15×106.
Additionally, the doublet splittings for the signal and
idler modes are respectively found to be 2βs = 1.11 GHz
and 2βi = 0.97 GHz. The modes exhibit extremely low
intrinsic photon decay rates (Γ0 = ω0/Q0) of Γ0p = 0.15
GHz, Γ0s = 0.14 GHz, and Γ0i = 0.16 GHz, due to the
high quality of the single-crystalline silicon and optimiza-
tion of the fabrication process. We now see the dual role
that the high-Q cavity assumes in our system. Here, the
cavity-enhancement serves to greatly strengthen the effi-
ciency and purity of the photon generation process and
effectively modifies the Rayleigh scattering cross section
[37, 38], such that scattering is highly preferential be-
tween counter-propagating modes. Hence, photon pairs
are created within the cavity and experience a strong
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FIG. 3. Coherent oscillations in pair correlations via
quantum interference of multiple creation pathways. Cross-
correlation waveforms (without background subtraction),
measured between (a) signal forward - idler forward (SF-IF),
(b) signal forward - idler backward (SF-IB), (c) signal back-
ward - idler forward (SB-IF), and (d) signal backward - idler
backward (SB-IB). (e) All pair correlations superposed on a
single delay-time axis with the decay envelope in black re-
sulting from the numeric sum of coincidence counts at each
time bin. All data are normalized to the peak of the decay
envelope. Insets depict path configuration.
coherent coupling between the forward and backward
modes, providing a convenient platform for demonstrat-
ing the proposed quantum interference phenomena.
Quantum interference and coherent oscillations
Under the assumption of a closed system, the quan-
tum states created within our device exhibit cyclically
evolving path-entanglement (see Eq. 1). We now con-
sider what happens when the states are subjected to
intrinsic loss, Γ0m (m = s,i), and are allowed to leave
the microdisk at an external coupling rate, Γem. Photon
pairs are consequently transmitted into the two propa-
gation directions of the optical waveguide (see Fig. 1(a))
and establish the following single photon pathways: sig-
nal forward (SF), signal backward (SB), idler forward
(IF), and idler backward (IB). Moreover, the cyclically
evolving path-entanglement within the device manifests
as temporal correlations which coherently oscillate be-
tween pairs of propagation pathways, as seen in (see Ap-
pendix G),
p(tsj , tik) =
Ne−Γtm|τ ||ζjkm cos(βmτ) + ηjkm sin(βmτ)|2 (2)
where tsj (j = f,b) and tik (k = f,b) respectively de-
note the times at which the signal and idler photons are
emitted from the microdisk. The subscript m = s when
tsj > tik, and m = i when tsj < tik. N is a constant
quantifying properties of the device (see Appendix G),
Γtm = Γ0m + Γem is the total photon decay rate, and
τ ≡ tsj − tik denotes the delay between signal and idler
emission times. The strength of the oscillatory terms in
Eq. 2 are respectively governed by ζjkm = c
jk
m1|apf |2e−iφ−
cjkm2|apb|2 and ηjkm = cjkm3|apf |2e−iφ−cjkm4|apb|2, with |apf |2
and |apb|2 being the energy contained in the forward and
backward pump cavity modes, and φ defining their rela-
tive phase. The cjkmn (n = 1 to 4) are constants defined
by the coupling and decay rates of the modes (see Ap-
pendix G). The compact notation used in Eq. 2 empha-
sizes that although there are many intricate interactions
occurring within the device, the pair correlations broadly
consist of three main components, in that, they oscillate
within a decay envelope set by the cavity photon life-
time, exhibit an oscillation frequency which matches the
modal coupling rate, and are manipulated by interfering
the counter-propagating intracavity pump waves.
The total photon decay rate is conveniently tuned by
varying the gap between the microdisk and waveguide.
Initially, we set the total photon decay rate to be signif-
icantly less than the modal coupling rate and record the
pair correlations for each of the four path configurations,
as shown in Fig. 3. The measured correlations exhibit
striking differences when compared to the monotonically
decaying correlations between photon pairs from all other
chip-scale sources studied to date. As predicted (see
Eq 2), the photon pairs in each of the path configura-
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FIG. 4. Time-evolving path-entanglement and high-contrast two-photon interference visibility. Here, we show the logarithmic
scaling of pair correlations from all four path configurations superposed onto a single delay-time axis. The photon decay enve-
lope, shown in black, results from the numeric sum of coincidence counts at each time bin. The strong quantum entanglement
is observed through the coherent transfer of biphoton correlations between co-propagating (SF-IF (green) & SB-IB (magenta))
and counter-propagating (SF-IB (red) & SB-IF (blue)) states of the system.
tions exhibit coherent oscillations with estimated oscil-
lation frequencies that are in good agreement with the
measured doublet splittings. Furthermore, we see that
biphotons in the co-propagating states (SF-IF & SB-IB)
are highly correlated at zero delay-time and then oscil-
late between being highly correlated and uncorrelated
(Fig. 3(a),(d)). In contrast, a complementary effect is
observed between biphotons in the counter-propagating
states (SF-IB & SB-IF)(Fig. 3(b),(c)). Taken together,
it is apparent that as pair correlations are diminishing in
one state they are intensifying in another, and vice versa.
To precisely characterize this relationship, we superpose
the correlations from each path configuration and nu-
merically sum the coincidence counts at each time bin,
resulting in the black correlation waveform (Fig. 3(e)).
Here, we observe the remarkable effect that the pair cor-
relations from all four states perfectly sum to give an
exponential decay envelope, as predicted in Eq. 2.
The logarithmic scaling in Fig. 4 confirms the expo-
nential nature of the photon decay envelope and reveals
that the quantum interference responsible for driving
the time-domain oscillations is of extremely high visi-
bility. Here, we clearly observe that each of the correla-
tion waveforms exhibit extinction ratios approaching or
greater than 20 dB. Additionally, we see that the coinci-
dence counts from the co-propagating states are almost
completely out of phase with the counts from the counter-
propagating states, suggesting that path-entanglement is
present in the system. Recently, Du et al. showed that
the arrival times between pairs of detection events may
be used as a local parameter setting for entanglement
measurements in systems where the photon coherence
times are much longer than the timing resolution of the
detectors [39]. Owing to the high-Q nature of our micro-
cavity, the photon coherence times here are on the order
of nanoseconds, whereas the timing resolution of the su-
perconducting detectors (see Appendix B) are only tens
of picoseconds. Consequently, by varying delay-time as
an analogue of phase, we record a Bell parameter (see
Appendix F) of S = 2.80± 0.07 which yields a Bell vio-
lation [40, 41] of eleven standard deviations, confirming
the path-entanglement predicted in Eq.1.
Modal coupling vs. photon decay rate
A common feature among coherently coupled systems
is the expression of markedly different behavior between
the weak and strong coupling regimes [42–44]. We ex-
plore these boundaries in Fig. 5, with the experimental
data presented on the left half of the figure and the cor-
responding theory plots (see Appendix I) on the right.
By tuning the total photon decay rate, we signifi-
cantly manipulate the intracavity quantum state, as is ev-
idenced by the response of the pair correlations in Fig. 5.
With the decay rate set to be less than the modal cou-
pling rate, we experimentally observe the strong coupling
regime, as shown in Fig. 5(a). Here, we see several high-
contrast oscillations resulting from the strong quantum
interference and path-entanglement. When the coupling
and decay rates are similar, as is shown in Fig. 5(b), there
are fewer oscillations, due to the diminished biphoton life-
time. Additionally, the pairs of correlation waveforms be-
longing to the same state classification - co-propagating
vs. counter-propagating - share less similarity than in
6−0.2 −0.1 0 0.1 0.2 0.3 0.4
0
0.2
0.4
0.6
0.8
1
 
 
SF−IF
SF−IB
SB−IF
SB−IB
Total
−2 −1.5 −1 −0.5 0 0.5 1 1.5 2 2.5 3
0
0.2
0.4
0.6
0.8
1
 
 
SF−IF
SF−IB
SB−IF
SB−IB
Total
≈Γ β
−3 −2 −1 0 1 2 3 4
0
0.2
0.4
0.6
0.8
1
 
 
SF−IF
SF−IB
SB−IF
SB−IB
Total
a
b
c
Γ β<
>Γ β
d
e
f
-0.2 -0.1 0 0.1 0.2 0.3 0.4
0
0.2
0.4
0.6
0.8
1 SF-IF
SF-IB
SB-IF
SB-IB
Total
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3
0
0.2
0.4
0.6
0.8
1 SF-IF
SF-IB
SB-IF
SB-IB
Total
≈Γ β
>Γ β
-3 -2 -1 0 1 2 3 4
0
0.2
0.4
0.6
0.8
1 SF-IF
SF-IB
SB-IF
SB-IB
Total
Γ β<
N
or
m
al
iz
ed
 c
ou
nt
s
Delay time (ns)
N
or
m
al
iz
ed
 c
ou
nt
s
Delay time (ns)
N
or
m
al
iz
ed
 c
ou
nt
s
N
or
m
al
iz
ed
 c
ou
nt
s
Delay time (ns) Delay time (ns)
N
or
m
al
iz
ed
 c
ou
nt
s
Delay time (ns) Delay time (ns)
N
or
m
al
iz
ed
 c
ou
nt
s
FIG. 5. Manipulating the quantum state and entanglement by tuning the cavity photon lifetime. Measured pair correlations
(without background subtraction) from each path configuration with the total photon decay set to be (a) less than the modal
coupling rate, (b) similar to the modal coupling rate, and (c) greater than the modal coupling rate. (d) - (f) Theory plots
corresponding to the experimental data in (a) - (c), respectively. In each figure, cross-correlation waveforms between signal
forward - idler forward (SF-IF) are shown in green, signal forward - idler backward (SF-IB) are shown in red, signal backward
- idler forward (SB-IF) are shown in blue, and signal backward - idler backward (SB-IB) are shown in magenta. The decay
envelopes, shown in black, result from the numeric sum of coincidence counts from all path configurations at each time bin. All
data are normalized to the peak of the photon decay envelope. We note that the biphoton coherence time in (c) is comparable
to the detector response time, which causes the measured waveforms to display a Gaussian shape.
Fig. 5(a). To explain this phenomenon, we note that
changing the decay rate also changes the relationship be-
tween intracavity pump modes. In Fig. 5(a), the intra-
cavity energies contained in the forward and backward
pump modes are closer to being equalized, leading to a
more symmetric system with respect to state generation,
and consequently greater similarity between the pairs of
waveforms within the same state classification. In the
special case that the energies contained in the intracav-
ity pump modes were exactly equal, then the pairs of
correlation waveforms from the same state classification
would be indistinguishable (see Appendix J). When the
decay rate is set to be much greater than the coupling
rate, we enter the weak coupling regime where the corre-
lation waveforms exhibit pure monotonic decay, as shown
in Fig. 5(c). In this extreme scenario, the quantum in-
ference, path-entanglement and coherent oscillations are
quenched as a result of tuning the biphoton state un-
til it assumes the form of those produced in uncoupled
systems.
Pump-induced quantum interference
The interacting cavity modes each experience the same
type of modal coupling. However, we emphasize that the
coupling of pump modes uniquely affects the system, as
they are the progenitors of the creation process. And as
such, tuning properties of the coupled pump modes trans-
lates to directly manipulating the intracavity quantum
state (see Eq. 1) and the correlations that consequently
manifest (see Eq. 2).
Changing the frequency of the external pump laser
(ωL) relative to the resonance frequency of the pump
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FIG. 6. Tuning the intracavity quantum state through pump-induced quantum interference. Theoretical plots of the pump
(a) transmission profile and (b) relative phase between counter-propagating modes. The external laser is locked to the pump
cavity mode at points (1)-(8) which correspond to detuning values of ∆ = (-0.21, -0.16, -0.11, -0.06, 0.35, 0.38, 0.41, 0.44)
GHz, respectively, and denote the values appearing in (c)-(f). The laser locking is achieved through the thermo-optic feedback
method where the light-red shading indicates the unstable locking regions. Cross-correlation waveforms (without background
subtraction), measured between (c) signal forward - idler forward (SF-IF), (d) signal forward - idler backward (SF-IB), (e)
signal backward - idler forward (SB-IF), and (f) signal backward - idler backward (SB-IB) are plotted as a function of detuning
between the pump laser and resonance frequency of the pump cavity mode. Note that the waveforms within each stacked plot
are offset by an equal spacing to aid in viewing clarity. Insets depict path configuration.
cavity mode (ω0p) introduces a detuning, ∆ = ωL − ω0p,
to the system. When the detuning is swept, the cou-
pled pump modes display the well-established doublet
transmission profile, as seen in Fig. 6(a). Importantly,
varying the detuning induces a phase change between
the intracavity pump modes in a manner analogous to
a driven harmonic oscillator. Due to the high-Q na-
ture of the cavity, a small amount of detuning about
8resonance enables a pi relative phase shift, as shown in
Fig. 6(b). Thus, the coupled system naturally admits two
regimes of operation, negative detuning (see points (1)-
(4) in Fig. 6(a),(b)) and positive detuning (see points (5)-
(8) in Fig. 6(a),(b)), with a significant phase change be-
tween them. We note that these changes are an internal
response of the coupled system, and thus, are achieved
without requiring a second external laser coupled to the
counter-propagating mode.
The effects described above and illustrated in
Fig. 6(a),(b) are purely classical with regards to the
pump mode alone. However, considering the system as
a whole reveals the manner in which the pump-coupling
induces quantum interference. Without coupling, there
is no backward-propagating pump, and setting the cor-
responding coefficients to zero in the quantum state (see
Eq. 1) and pair correlations (see Eq. 2) removes the mech-
anism to directly change their form. In this case, the sys-
tem still exhibits quantum interference, but it does so in a
fixed configuration. When the pump modes are coupled,
it enables coherent control over the strength of interfer-
ence between creation pathways, adding a dynamic fea-
ture to the system. Thus, sweeping the detuning causes
pump-induced quantum interference which significantly
manipulates the intracavity quantum state. This effect
clearly manifests in the variable response of the pair cor-
relations shown in Fig. 6(c)-(f). In fact, the interfer-
ence is so strong that changing from negative to posi-
tive detuning (point (4) to (5)) causes the SF-IB (see
Fig. 6(d)) and SB-IF (see Fig. 6(e)) states to flip from
exhibiting highly correlated to completely uncorrelated
behavior near zero delay-time. Detailed versions of this
transition, for each path configuration, may be seen in
Appendix K.
Conclusion
In this work, we proposed and demonstrated a new set
of quantum interference phenomena that result from the
creation and coherent conversion of quantum states be-
tween the propagating modes of an optical microcavity.
The resulting photonic quantum states are highly ver-
satile and exhibit cyclically evolving path-entanglement.
Importantly, we showed that the states and entanglement
are greatly manipulated by controlling parameters of the
device. We envision that the concepts presented here
will have broad impacts relating to quantum state gener-
ation and novel entanglement properties, particularly in
the field of quantum information processing.
We note that the coupling of counter-propagating
modes was achieved through Rayleigh scattering, which
relies upon the existence of roughness at the surface of the
device. Alternatively, the coupling could be established
by bringing a nanoscale probe in contact with the device
[45], or through a technique called selective mode split-
ting (SMS), which couples counter-propagating modes by
matching their azimuthal mode number with a periodic
modulation along the perimeter of the microresonator
[46]. These techniques would extend the concepts pre-
sented here to devices made from ultra-smooth materials
and have the additional benefit of providing a means to
control and tune the coupling rates.
We showed that a single external laser can directly ma-
nipulate the quantum state through pump-induced quan-
tum interference. Alternatively, the laser could be split
and coupled into the device from both directions which
would precisely control the amplitude and phase rela-
tionship between the internal pump modes independent
of the cavity properties. This added feature would en-
able complete control over the quantum state (see Eq. 1)
and perfect pump-induced quantum interference visibil-
ity (see Appendix J). Additionally, this type of dramatic
state manipulation would manifest in the coherent oscil-
lations as a phenomenon akin to the Rabi flop operations
that are used to optically prepare and control electron
spins in solid-state systems [47].
Looking forward, a particularly intriguing follow-up in-
volves building upon the capabilities of a single device by
combining many devices in a large-scale photonic quan-
tum circuit. Device to device and device to waveguide
interactions could then be established and flexibly con-
trolled through the addition of micro-electro-mechanical
(MEMS) actuators, phase shifters, and micro-heaters,
among other commonly used integrated photonics com-
ponents. Based upon the observations made in this work,
it is envisioned that such an architecture could be used to
create exotic multi-photon states with fascinating prop-
erties, including controllable multi-partite entanglement
and topologically protected quantum state transfer [48].
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Appendices
A. Device fabrication
The microdisk device is fabricated from a silicon-on-
insulator wafer with a top silicon layer of 260 nm and
buried oxide thickness of 2 µm. The initial device
pattern is written into a high resolution electron sen-
sitive resist (ZEP 520A) using electron-beam lithogra-
phy. The pattern is then transferred to the silicon layer
through an inductively-coupled-plasma (ICP) reactive-
ion-etch (RIE), utilizing a SF6/C4F8 gas chemistry. Fi-
9nally, the buried oxide layer is removed by wet etching in
hydrofluoric (HF) acid, yielding the suspended microdisk
device seen in Fig. 2(a).
B. Pair generation and photon statistics
A continuous-wave tunable pump laser (Santec
TSL-550C) is transmitted through a course-wavelength-
division-multiplexing (CWDM) multiplexer (MUX),
having a 3-dB bandwidth of 17 nm and band isolation
exceeding 120 dB, in order to prevent amplified spon-
taneous emission (ASE) from leaking into the single
photon channels. The filtered pump light is then evanes-
cently coupled from a tapered optical fiber into the
device, using a nanopositioning setup. The polarization
state at the point of coupling is controlled using fiber
polarization controllers (FPC) in order to excite the
quasi-TM pump cavity mode. The input optical power is
set to Pin = 8.54 µW for all experimental data presented
here, and the optical power coupled into the cavity
ranges from Pd,min = 4.46 µW to Pd,max = 6.44 µW,
as a function of laser-cavity detuning. Photon pairs are
coupled from the microdisk back into the tapered optical
fiber (see Fig. 1(a)) in both the forward and backward
directions and separated using CWDM demultiplexers.
The demultiplexed pump beam is detected using a fast
photodector, which allows for continuous monitoring of
the coupled optical power, laser-cavity detuning, and
implementation of the thermo-optic locking method
[49]. The signal and idler photons, from both prop-
agation directions, are then passed through standard
telecom optical switches in order to select the four
path configurations based on the switch settings. The
photons exiting the switches are passed through tunable
bandpass filters (TBPF), having a 3-dB bandwidth of
1.2 nm, in order to suppress the Raman noise photons
that are generated throughout the input side of the
optical fiber. The single photons are then detected using
two superconducting nanowire single photon detectors
(SNSPD, SingleQuatum), which have extremely small
timing jitters of 16 ps and detection efficiencies of
54%. The photon arrival times are recorded using the
time-tagged mode of a time-correlated single photon
counter (TCSPC, PicoHarp 300) with time bins of 4 ps.
The correlation waveforms appearing in Fig. 3, Fig. 4,
and Fig. 5(a) were acquired over a period of Tacq =
1800 seconds. The correlation waveforms appearing in
Fig. 5(b),(c) and Fig. 6 were acquired over a period Tacq
= 200 seconds. All coincidence counts presented in the
Article are normalized to the peak of their respective
decay envelope. A schematic of the experimental setup
may be found in Appendix L.
C. The system Hamiltonian
Here, we describe the Hamiltonian which governs
the photon pair creation process between the coupled
counter-propagating modes of an optical microresonator,
as well as the coupling between the device and an optical
waveguide. This Hamiltonian will serve as the spring-
board for our theoretical treatment of the intracavity
quantum state (see Appendix D) and second-order cor-
relations that manifest (see Appendix G).
We begin by considering the establishment of Kerr-
type nonlinear optical interactions between the pump
(p), signal (s), and idler (i) whispering-gallery modes
(WGMs), as illustrated in Fig. 7. The passive cavity
modes are specified by their resonance frequencies, ω0m
(m = p,s,i), along with their intrinsic decay rates, Γ0m,
external coupling rates, Γem, and resonance splitting,
2βm. Furthermore, input pump waves (at a carrier fre-
quency of ωp) propagating in the forward, bpf , and back-
ward, bpb, directions are coupled from the optical waveg-
uide into the device and coherently build up in their
respective intracavity modes. In particular, we assume
that there exists a mutual coupling between intracav-
ity optical fields propagating in the forward (clockwise),
amf , and backward (counterclockwise), amb, directions,
which renormalizes the pairs of degenerate traveling-wave
modes into pairs of standing-wave modes. The coupling
occurs at a rate of βm, so that the standing-wave modes
have distinct frequencies, ω±0m = ω0m ± |βm|, which are
shifted from the uncoupled system. When the intracav-
ity pump waves undergo spontaneous four-wave mixing
(SFWM), signal and idler photon pairs are created in
their respective coupled counter-propagating modes. The
Hamiltonian, H = H0 +HI , describing the relevant Kerr
nonlinear interactions within the cavity is given by [50]
H0 =
∑
m=p,s,i
{
~ω0m
(
a†mfamf + a
†
mbamb
)
−
(
~βma†mfamb + ~β
∗
ma
†
mbamf
)
−~
√
Γem
(
(a†mfbmf + a
†
mbbmb)e
−iωmt + (b†mfamf + b
†
mbamb)e
iωmt
)}
, (C1)
HI =
~gp
2
(
(a†pf)
2a2pf + (a
†
pb)
2a2pb + 4a
†
pfapfa
†
pbapb
)
+2~(a†pfapf + a
†
pbapb)
(
gps(a
†
sfasf + a
†
sbasb) + gpi(a
†
ifaif + a
†
ibaib)
)
+~gpsi
(
a†sfa
†
ifa
2
pf + a
†
sba
†
iba
2
pb
)
+ ~g∗psi
(
(a†pf)
2asfaif + (a
†
pb)
2asbaib
)
, (C2)
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FIG. 7. Photon pair creation between coherently coupled counter-propagating whispering-gallery modes (WGM). Forward,
bpf , and backward, bpb, propagating pump waves (green) evanescently couple into the microdisk, on resonance with the pump
cavity mode, respectively building up strong intracavity fields in the forward, apf , and backward, apb, directions. The counter-
propagating intracavity pump fields are mutually coupled at a rate of βp. Through spontaneous four-wave mixing (SFWM),
signal (blue) and idler (red) photons are created within their respective cavity modes. Furthermore, the counter-propagating
intracavity signal (idler) fields are mutually coupled at a rate of βs (βi). Thus, the photon pairs coherently cycle between
propagation directions within the cavity and ultimately exit into the four transmitted fields of the optical waveguide: csf for
signal forward (SF), csb for signal backward (SB), cif for idler forward (IF), and cib for idler backward (IB). Hence, correlations
are established between photon pairs in the four path configurations: SF-IF, SF-IB, SB-IF, SB-IB.
where the intracavity field operators are normalized such
that a†mjamj (m = p,s,i and j = f,b) represent the pho-
ton number operators of the system. The input pump
fields are normalized such that b†mjbmj denote the in-
put photon fluxes and satisfy the commutation relation
[bmj(t), b
†
m′j′(t
′)] = δmm′δjj′δ(t − t′). We note that the
number of photons contained in the pump modes greatly
exceed the signal and idler modes, so that self-phase mod-
ulation (SPM) and cross-phase modulation (XPM) initi-
ated from these modes may be neglected. The vacuum
coupling rates for the pump-initiated self-phase modu-
lation (SPM), cross-phase modulation, and SFWM are
respectively denoted as gp, gpm (m = s,i), and gpsi. How-
ever, given the similarity in field profiles and frequencies
between the interacting cavity modes, we approximate
gp ≈ gpm ≈ gpsi ≡ g = cηn2~ωp
√
ωsωi
nsniV¯
, where c is the speed
of light in vacuum, η is the spatial overlap fraction of the
interacting cavity modes, n2 =
3χ(3)
4ε0cn2p
is the Kerr nonlin-
ear coefficient [23], ns (ni) is the index of refraction of
the microresonator at the signal (idler) wavelength, and
V¯ is the effective mode volume.
D. Quantum state from perturbation theory
To determine the biphoton quantum state inside our
optical microresonator, first-order time-dependent per-
turbation theory was applied to the closed system Hamil-
tonian (see Appendix C) in an undepleted pump regime.
At the instant of pair creation (here defined as t = 0), the
state takes the form |ψ(t = 0)〉 = cf |f〉s |f〉i + cb |b〉s |b〉i,
where f denotes the forward-propagating traveling-wave
mode and b denotes the backward-propagating traveling-
wave mode. The subscripts s and i differentiate the signal
and idler photons. Complex coefficients cf and cb are set
by the relative amplitude and phase between the pump’s
forward and backward traveling-wave modes.
The initial state can be intuited by viewing the non-
linear interaction Hamiltonian HI (see Eq. C1 & C2
for the complete Hamiltonian) in the basis of forward
and backward propagating modes. The terms that con-
tribute to the creation of signal and idler photons via
spontaneous four-wave mixing (SFWM) are given by
HSFWM = ~gpsi
(
a†sfa
†
ifa
2
pf + a
†
sba
†
iba
2
pb
)
where gpsi is the
vacuum coupling rate for SFWM. These terms allow for
photon pairs to be created in the co-propagating direc-
tions only, as is required to conserve angular momentum.
We implement time-dependent perturbation theory to
verify the initial state. The linear portion of the closed-
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system Hamiltonian is
H0 =
∑
m=p,s,i
~ω0m
(
a†mfamf + a
†
mbamb
)
−
~
(
βma
†
mfamb + β
∗
ma
†
mbamf
)
. (D1)
where ω0m is the center frequency of the m
th resonance
and βm is the coupling between forward and backward
modes of the mth resonance.
Meanwhile, the perturbative Hamiltonian is HSFWM,
given that the other terms in HI have a negligible effect
in the weakly pumped system considered here. To first
order, time-dependent perturbation theory then gives an
unnormalized state
|ψ(t)〉 = U0(t, 0) |Vac〉+
1
i~
∫ t
0
dt′U0(t, t′)HSFWM(t′)U0(t′, 0) |Vac〉 ,
(D2)
where U0(t2, t1) is defined to be the unitary time evolu-
tion operator exp[−iH0(t2− t1)/~]. To evaluate the inte-
gral, it is helpful to diagonalize H0 and write HSFWM in
the basis that performs this diagonalization. In the mi-
croresonator system, this amounts to transforming into
the standing-wave basis. The basis states, denoted by +
and − are respectively the higher and lower energy eigen-
states of H0. Furthermore, we apply the approximation
that βeiφβ = βp = βs = βi ≡ β. Then the result of the
transformation on H0 and HSFWM is
H0 =
∑
m=p,s,i
~
(
(ω0m − β)a†m−am− + (ω0m + β)a†m+am+
)
, (D3)
HSFWM =
1
2
~gpsi
(
a†s−a
†
i− + a
†
s+a
†
i+e
−2iφβ
) (
a2p− + a
2
p+e
2iφβ
)
+ ~gpsi
(
a†s−a
†
i+ + a
†
s+a
†
i−
)
ap−ap+. (D4)
Now Eq. D2 becomes
|ψ(t)〉 = |Vac〉+ (D5)
1
i~
∫ t
0
dt′e−iEf (t−t
′)/~HSFWM(t
′)e−iEit
′ |Vac〉 ,
where Ei and Ef are the energies of the initial and fi-
nal states, respectively. Treating the pump as classical
and undepleted, Ei can be taken to zero by introducing a
plane wave oscillation exp[∓2iωpt′] to HSFWM(t′). Ef is
the total energy of the created signal and idler photons.
The integral can then be evaluated, and will reflect a lin-
ear growth in time as the probability of photon creation
increases. If we again define the instant of creation as
t = 0 and then normalize the first order terms, we can
observe how the state of the created photons evolves in
time. Figure 8 shows the probability of detecting sig-
nal and idler photons in each of the four pairs of path
configurations as a function of time.
Because the probability of detecting counter-
propagating signal and idler photon pairs is zero at t = 0,
we can affirm that the photons are created in a super-
position of the forward-forward and backward-backward
path configurations. That is, the initial biphoton state
is indeed of the form |ψ(t = 0)〉 = cf |f〉s |f〉i + cb |b〉s |b〉i,
as stated in the main text. Notably, this is independent
of φβ , as seen in Fig. 9.
E. Quantum state evolution
Beginning with the quantum state |ψ(t = 0)〉 =
cf |f〉s |f〉i + cb |b〉s |b〉i, time evolution can be easily per-
formed by switching to the standing-wave basis using the
following transformations,
|f〉m =
1√
2
(|−〉m − eiφβ |+〉m) , (E1)
|b〉m =
1√
2
(
e−iφβ |−〉m + |+〉m
)
. (E2)
The lower-energy standing wave mode is represented by
|−〉. |+〉 likewise refers to the higher-energy standing-
wave mode. For the following calculation, it will be as-
sumed for simplicity that φβ = 0. Implementing the basis
transformation yields an initial state
|ψ(t = 0)〉 = 1
2
(
(cb + cf)
( |−〉s |−〉i + |+〉s |+〉i )+ (cb − cf) ( |−〉s |+〉i + |+〉s |−〉i )). (E3)
Because the state is now in terms of energy eigenstates of the cavity, the unitary time evolution operator U0(t, 0) =
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FIG. 8. A depiction of the time evolution of created signal and idlers assuming a closed system. To arrive at this result, t = 0
was taken to be the instant of photon creation, forward and backward-propagating pumps were treated as equal amplitude,
φβ = pi/4, and gpsi = 2pi × 560 radians per second. The probability of finding the photons in the path configurations (a)
signal-forward and idler-forward, (b) signal-forward and idler-backward, (c) signal-backward and idler-forward, and (d) signal-
backward and idler-backward is shown by the vertical axes. The horizontal axes display time in units of 1/β the reciprocal
of the modal coupling. The state begins in a superposition of forward-forward and backward-backward path configurations,
providing evidence for the initial state supplied in the main text.
exp[−iH0t/~] can be easily applied. The time evolved state in the standing-mode basis is thus,
|ψ(t)〉 = 1
2
e−i(ωs+ωi)t
(
(cb + cf)
(
e2iβt |−〉s |−〉i + e−2iβt |+〉s |+〉i
)
+ (cb − cf)
( |−〉s |+〉i + |+〉s |−〉i )). (E4)
By transforming back to the basis of traveling waves and
simplifying, this becomes
|ψ(t)〉 = e−i(ωs+ωi)t
((
cf cos
2(βt)− cb sin2(βt)
) |f〉s |f〉i
+
(
cb cos
2(βt)− cf sin2(βt)
) |b〉s |b〉i +
i(cf + cb) sin(2βt)
( |f〉s |b〉i + |b〉s |f〉i )).
(E5)
This result appears as Eq. 1 in the main text with the
overall phase ignored.
F. Bell test implementation
Here, we present the methodology by which we com-
puted a Bell parameter of S = 2.80± 0.07, violating the
classical Clauser-Horne-Shimony-Holt (CHSH) inequal-
ity |S| ≤ 2 [41]. Typically, a Bell test entails varying
two projective measurement angles, each between two
different analyzer settings [40, 51]. In the microresonator
system, however, the test may be implemented by anal-
ogously varying the difference in arrival time between
signal and idler photons τ = ts − ti, as long as the pho-
ton coherence times are much larger than the temporal
resolution of the detectors [39].
We generate a Bell correlation coefficient E(τ) in terms
of second-order correlation functions G
(2)
jk (τ), where j
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FIG. 9. Probability as a function of φβ at t = 1/10000β. The probability of created photons being in a co-propagating path
configuration is 1/2 for all values of φβ , while for counter-propagating path configurations it is 0 for all values of φβ .
and k denote the signal and idler path, respectively. Let
f indicate the forward path and b the backward path.
E(τ) is then
E(τ) =
G
(2)
ff (τ) +G
(2)
bb (τ)−G(2)fb (τ)−G(2)bf (τ)
G
(2)
ff (τ) +G
(2)
bb (τ) +G
(2)
fb (τ) +G
(2)
bf (τ)
, (F1)
where G
(2)
jk (τ) is proportional to p(tsj , tik), given in Eq.
2 of the main text. This implies that the only time-
dependence in E(τ) is in the form of sines and cosines of
βmτ , where βm is the modal coupling, and m refers to
either the signal s or idler i. We note that the exponential
time-dependence in p(tsj , tik) cancels in E(τ).
Now we allow τ to vary as a function of two angles θa
and θb. This will enable us to vary τ in a manner equiva-
lent to the usual Bell test angle variation. To mimic the
angle-dependence of the typical Bell test, τ(θa, θb) must
have the form [39]
τ(θa, θb) =
{
1
βi(θa−θb) if θa − θb < 0,
1
βs(θa−θb) if θa − θb ≥ 0.
(F2)
The Bell parameter can now be written as
S = |E(τ(θ1, θ2))− E(τ(θ1, θ′2))|
+ |E(τ(θ′1, θ2)) + E(τ(θ′1, θ′2))|. (F3)
Here θ1 and θ
′
1 are the measurement settings for θa while
θ2 and θ
′
2 are the measurement settings for θb. The set-
tings are defined such that
θ′n = θn − pi/4, (F4)
for n = 1, 2. We achieved our greatest violation of the
CHSH inequality for θ1 = 4.13, θ
′
1 = 3.34, θ2 = 0, θ
′
2 =
−0.79. The resulting Bell parameter is S = 2.80, well
above the classical limit of 2 but still within the quantum
bound of 2
√
2.
To determine error in our Bell parameter, we simu-
lated 2500 data sets under the assumption of Poissonian
counting statistics, using the number of real counts in
each 4 ps time bin as mean. For each simulated data
set, the Bell parameter producing the largest CHSH vio-
lation was computed. The standard deviation of these
simulated Bell parameters was 0.07, giving the result
S = 2.80± 0.07 that appears in the main text. We note
that the values of βm (m = s,i), appearing in Eq. F2,
were measured using a calibrated Mach-Zehnder inter-
ferometer (MZI). The uncertainty associated with these
measurements was so small in comparison to the photon
counting uncertainty that it had no bearing on the overall
error of the Bell parameter.
G. Theory of coherent oscillations in photon pair
correlations
In Appendix E, we showed that the quantum states
generated within the microresonator exhibit cyclically
evolving path-entanglement (see Eq. D5). When the pho-
ton pairs exit the system (see Fig. 7), they are transmit-
ted into both directions of the optical waveguide which
establishes the following single photon pathways: sig-
nal forward (SF), signal backward (SB), idler forward
(IB), and idler backward (IB). The cyclically evolving
path-entanglement within the microresonator will conse-
quently manifest as coherent oscillations between pairs
of propagation pathways. To theoretically demonstrate
this phenomenon, we employ the Hamiltonian in Eq. C1-
C2, in order to write the Heisenberg-Langevin equations
of motion. These equation describe the wave dynamics
within the microdisk, and are given as
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dapf
dt
= (−iω0p − Γtp/2)apf + iβpapb − ig(a†pfapf + 2a†pbapb)apf + ζpf(t), (G1)
dapb
dt
= (−iω0p − Γtp/2)apb + iβ∗papf − ig(a†pbapb + 2a†pfapf)apb + ζpb(t), (G2)
dasf
dt
= (−iω0s − Γts/2)asf + iβsasb − 2ig(a†pfapf + a†pbapb)asf − iga†ifa2pf + ζsf(t), (G3)
dasb
dt
= (−iω0s − Γts/2)asb + iβ∗sasf − 2ig(a†pfapf + a†pbapb)asb − iga†iba2pb + ζsb(t), (G4)
daif
dt
= (−iω0i − Γti/2)aif + iβiaib − 2ig(a†pfapf + a†pbapb)aif − iga†sfa2pf + ζif(t), (G5)
daib
dt
= (−iω0i − Γti/2)aib + iβ∗i aif − 2ig(a†pfapf + a†pbapb)aib − iga†sba2pb + ζib(t), (G6)
where ζmj(t) ≡ i
√
Γembmj(t) +
√
Γ0mumj(t) (m = p,s,i
and j = f,b) and umj are noise operators associated with
intrinsic cavity losses and obey the commutation relation
[umj(t), u
†
m′j′(t
′)] = δmm′δjj′δ(t− t′).
In order to solve Eq. G1-G6, we treat the pumps as
classical and undepleted (with respect to the Kerr non-
linear interactions), transform to a frame rotating at the
carrier frequency of the input pump waves, and apply
exponential transformations to eliminate the SPM and
XPM terms, which gives
dapf
dt
= (i∆− Γtp/2)apf + iβpapb + i
√
Γepbpf , (G7)
dapb
dt
= (i∆− Γtp/2)apb + iβ∗papf + i
√
Γepbpb, (G8)
dasf
dt
= (i∆− Γts/2)asf + iβsasb − iga†ifa2pf + ζsf(t), (G9)
dasb
dt
= (i∆− Γts/2)asb + iβ∗sasf − iga†iba2pb + ζsb(t), (G10)
daif
dt
= (i∆− Γti/2)aif + iβiaib − iga†sfa2pf + ζif(t), (G11)
daib
dt
= (i∆− Γti/2)aib + iβ∗i aif − iga†sba2pb + ζib(t), (G12)
where ∆ ≡ ωp − ω0p is the detuning between the carrier
frequency of the input pump waves and the resonance
frequency of the pump cavity mode. The coupled pump
equations (Eq. G7 & G8) may now be trivially solved due
to the removal of any explicit time dependence. The re-
maining equations (Eq. G9-G12) are conveniently solved
in the frequency domain by applying Fourier transforms,
yielding
ζ˜sf(ω) = −{i(ω + ∆)− Γts/2}a˜sf(ω)− iβsa˜sb(ω) + iga2pf a˜†if(−ω), (G13)
ζ˜sb(ω) = −{i(ω + ∆)− Γts/2}a˜sb(ω)− iβ∗s a˜sf(ω) + iga2pba˜†ib(−ω), (G14)
ζ˜†if(−ω) = −{i(ω + ∆)− Γti/2}a˜†if(−ω) + iβ∗i a˜†ib(−ω)− ig(a∗pf)2a˜sf(ω), (G15)
ζ˜†ib(−ω) = −{i(ω + ∆)− Γti/2}a˜†ib(−ω) + iβia˜†if(−ω)− ig(a∗pb)2a˜sb(ω), (G16)
where Γtm = Γ0m+Γem (m = s,i) are the total photon de-
cay rates for the cavity modes. Eq. G13-G16 may now be
written using matrix formalism as, ~ζ(ω) = −M~a(ω), with
the following vector (matrix) components (elements)
15
ζsf(ω)
ζsb(ω)
ζ†if(−ω)
ζ†ib(−ω)
 = −

i(ω + ∆)− Γts/2 iβseiφβs −iga2pf 0
iβse
−iφβs i(ω + ∆)− Γts/2 0 −iga2pb
ig∗(a∗pf)
2 0 i(ω + ∆)− Γti/2 −iβie−iφβi
0 ig∗(a∗ab)
2 −iβieiφβi i(ω + ∆)− Γti/2


asf(ω)
asb(ω)
a†if(−ω)
a†ib(−ω)
 , (G17)
where we have dropped the tilde notation. Additionally,
we have written the coupling terms as βm = βme
iφβm to
explicitly display their spatial phase dependence which
results from the orientation of the standing-wave mode
patterns to the point of coupling at the waveguide.
Now, we can solve for the intracavity fields, noting that
~a(ω) = T~ζ(ω), where T ≡ −M−1. Finally, we relate
the transmitted fields, cmj, to the input and intracavity
fields through the standard input-output relations [52],
cmj = bmj + i
√
Γemamj.
The device presented in Fig. 7 couples photon pairs
generated in the forward and backward directions, re-
sulting in correlations between the following four config-
urations: signal forward - idler forward (SF-IF), signal
forward - idler backward (SF-IB), signal backward - idler
forward (SB-IF), and signal backward - idler backward
(SB-IB). The correlations may be theoretically described
using second-order temporal correlation functions [27],
pc,jk(tsj, tik), with
pc,jk(tsj, tik) ≡ 〈c†ik(t)c†sj(t+ τjk)csj(t+ τjk)cik(t)〉
− 〈c†sj(t)csj(t)〉 〈c†ik(t)cik(t)〉
= ΓesΓei| 1
2pi
∫
dωKjk(ω)e
−iωτjk |2,
(G18)
where τjk ≡ tsj − tik (j = f,b and k = f,b) denotes the
delay time between the emission of signals and idlers from
the microresonator into the waveguide (see Fig. 7), and
Kjk(ω) are Kernel functions which depend upon the path
configuration. The Kernel functions, associated with the
four path configurations, are defined as
Kff ≡ T ∗31(ω)[ΓtsT11(ω)− 1] + ΓtsT12(ω)T ∗32(ω), (G19)
Kfb ≡ T ∗41(ω)[ΓtsT11(ω)− 1] + ΓtsT12(ω)T ∗42(ω), (G20)
Kbf ≡ T ∗32(ω)[ΓtsT22(ω)− 1] + ΓtsT21(ω)T ∗31(ω), (G21)
Kbb ≡ T ∗42(ω)[ΓtsT22(ω)− 1] + ΓtsT21(ω)T ∗41(ω), (G22)
where Tnl are elements of the matrix T. After computing
the matrix T and performing the inverse Fourier trans-
form in Eq. G18 (both of these steps are accomplished in
Mathematica), we arrive at the pair correlation functions
for the four path configurations
pc,ff (τ) =
{
NeΓtiτ |{c0fe−iφ − c1b} cos (βiτ) + {c2fe−iφ + c3b} sin (βiτ)|2 (τ < 0),
Ne−Γtsτ |{c0fe−iφ − c1b} cos (βsτ)− {c3fe−iφ + c2b} sin (βsτ)|2 (τ ≥ 0), (G23)
pc,fb(τ) =
{
NeΓtiτ |{c2fe−iφ + c3b} cos (βiτ)− {c0fe−iφ − c1b} sin (βiτ)|2 (τ < 0),
Ne−Γtsτ |{c2fe−iφ + c3b} cos (βsτ)− {c1fe−iφ − c0b} sin (βsτ)|2 (τ ≥ 0), (G24)
pc,bf (τ) =
{
NeΓtiτ |{c3fe−iφ + c2b} cos (βiτ) + {c1fe−iφ − c0b} sin (βiτ)|2 (τ < 0),
Ne−Γtsτ |{c3fe−iφ + c2b} cos (βsτ) + {c0fe−iφ − c1b} sin (βsτ)|2 (τ ≥ 0), (G25)
pc,bb(τ) =
{
NeΓtiτ |{−c1fe−iφ + c0b} cos (βiτ) + {c3fe−iφ + c2b} sin (βiτ)|2 (τ < 0),
Ne−Γtsτ |{−c1fe−iφ + c0b} cos (βsτ)− {c2fe−iφ + c3b} sin (βsτ)|2 (τ ≥ 0), (G26)
where f ≡ |apf (∆)|2 and b ≡ |apb(∆)|2 are the optical
energies contained in the forward and backward pump
cavity modes, respectively, and φ ≡ 2φp + φβ defines the
phase relationship between them. In particular, φp ≡
φpf −φpb and φβ ≡ 2φβp−φβs−φβi. We note that in the
process of reaching these solutions we have made use of
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the fact that our system operates in the weak interaction
limit (gf  Γtp and gb Γtp), such that terms beyond
first order in f and b may be dropped. In Eq. G23-
G26, the constants cn (n = 1 to 4) and N depend upon
properties of the device in the following manner
N =
4ΓesΓeiΓ
4
t g
2
((c0 − c1)(c0 + c1))2 , (G27)
c0 = (4β
2
s + 4β
2
i + Γ
2
t )Γt, (G28)
c1 = 8βsβiΓt, (G29)
c2 = 8β
3
i − 8β2sβi + 2βiΓ2t , (G30)
c3 = 8β
3
s − 8βsβ2i + 2βsΓ2t , (G31)
where Γt ≡ Γts + Γti. Equations G23-G26, along with
the constants defined in Eq. G27-G31, formulate the ex-
panded version of Eq. 2 that appears in the main text.
H. Obtaining the detuning-dependent intracavity
pump fields
As is evident in Eq. G23-G26, the intracavity pump
fields play a crucial role in controlling the structure of
the pair correlations. Equations G7 & G8 describe the
coupled intracavity pump modes, and after assuming a
steady state solution, may be written as,
0 = (i∆− Γtp/2)apf + iβpapb + i
√
Γepbpf , (H1)
0 = (i∆− Γtp/2)apb + iβ∗papf + i
√
Γepbpb, (H2)
or alternatively in the following matrix form,
(
i∆− Γtp/2 iβpeiφβp
iβpe
−iφβp i∆− Γtp/2
)(
apf
apb
)
= −i√Γep(bpfbpb
)
.
(H3)
Upon inverting the matrix in Eq. H3, we arrive at
detuning-dependent solutions for the intracavity pump
fields, which are given as
apf(∆) =
−i√Γep
(i∆− Γtp/2)2 + β2p
{(i∆− Γtp/2)bpf − iβpeiφβp bpb}, (H4)
apb(∆) =
−i√Γep
(i∆− Γtp/2)2 + β2p
{−iβpe−iφβp bpf + (i∆− Γtp/2)bpb}. (H5)
Equations H4 & H5 describe the intracavity pump
fields for the general case of two counter-propagating in-
put pump waves (see Fig. 7) entering the device. How-
ever, all results presented in the main text are ob-
tained with a single forward-propagating input pump
wave (bpb = 0), such that the intracavity pump fields
may be expressed in the following simpler forms,
apf(∆) =
−i√Γep
(i∆− Γtp/2)2 + β2p
{(i∆− Γtp/2)bpf}, (H6)
apb(∆) =
−i√Γep
(i∆− Γtp/2)2 + β2p
{−iβpe−iφβp bpf}. (H7)
I. Pair correlation theory plots for different
waveguide-microdisk coupling rates
Here, we describe the method used to generate the
theoretically predicted pair correlation waveforms that
appear in Fig. 5 of the main text. In Fig. 5(a)-(c) of the
main text, we plot the experimental response of the pair
correlations under three coupling regimes, Γ < β, Γ ≈ β,
and Γ > β, respectively, along with their corresponding
theory plots in Fig. 5(d)-(f). Here, Γ and β represent
the total photon decay rates and modal coupling rates,
averaged between the signal and idler cavity modes.
The three coupling regimes are experimentally ac-
cessed by varying the waveguide-microdisk gap, as is
schematically shown in Fig. 10. For each coupling case,
we perform fits (shown in magenta) of the signal (s),
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FIG. 10. Fits of the measured cavity transmission spectra for different coupling configurations. Optical fitting is used to
determine the intrinsic photon decay rates (Γ0 = ω0/Q0), external coupling rates (Γe = ω0/Qe), and modal coupling rates
(β = ω0/2Qβ) for the three coupling regimes. (a) Illustration depicting the gap between the optical waveguide and microdisk
in the Γ < β case, along with corresponding fits of the signal (b), pump (c), and idler (d) transmission profiles. (e) Illustration
depicting the waveguide-microdisk gap for the Γ ≈ β case, along with corresponding fits of the signal (f), pump (g), and idler
(h) transmission profiles.(i) Illustration depicting the waveguide-microdisk gap for the Γ > β case, along with corresponding
fits of the signal (j), pump (k), and idler (l) transmission profiles.
pump (p), and idler (i) transmission profiles (shown
in blue) in order to extract the intrinsic photon decay
rates (Γ0m = ω0m/Q0m, where m = p,s,i), external cou-
pling rates (Γem = ω0m/Qem), and modal coupling rates
(βm = ω0m/2Qβm). The measured cavity quantities
are then inserted into Eq. G27-G31, which defines all
of the constants relevant to the pair correlation theory
(see Eq. G23-G26). By incorporating the measured cav-
ity quantities and laser-cavity detuning into Eq. H6 &
H7, we compute the relative phase and amplitude of the
intracavity pump fields, such that the theory describing
the pair correlations would be completely defined (no free
parameters) with knowledge of the spatial phases associ-
ated with the orientation of the standing-wave mode pat-
terns. As we do not possess the necessary experimental
apparatus to measure the spatial phases that determine
φβ , we consequently leave it as a free parameter in our
theory.
In Fig. 11, we directly compare the pair correlation
theory (shown as solid lines) to the experimental results
(shown as dots) that appear in Fig. 5(a) of the main
text. The theoretical curves are generated by incorporat-
ing the measured photon decay and coupling properties
of the microdisk (see Fig. 10(b)-(d)) into Eq. G23-G26,
and then varying the relative phase, φ. We start with
the relative phase computed from the intracavity pump
fields (Eq. H6 & H7), φcalc, and then vary the phase un-
til the best qualitative match among all the waveforms
is reached. Here, it turns out that the best match re-
sults from using φ = 0.75φcalc. Consequently, these are
the theoretical curves presented in Fig. 5(d) of the main
text, which provide a qualitative comparison to the ex-
perimental data contained in Fig. 5(a) (Γ < β case).
The theory curves in Fig. 11 capture the essential be-
havior of the experimental results and have reasonable
agreement. However, we note that some deviation is to
be expected, given that our theory lacks certain details.
For instance, the theory assumes that all the doublets
are symmetric, which is not exactly the case for our
device (see. Fig. 10). The doublet asymmetry implies
that there will be some discrepancy between the intracav-
ity amplitudes and phases when comparing against the
perfectly symmetric case. Additionally, we have not in-
cluded effects due to two-photon absorption (TPA)/free-
carrier absorption (FCA), which may have a small con-
tribution to the deviation seen in Fig. 11. In particu-
lar, TPA/FCA may explain why the theoretically pre-
dicted photon decay envelope (black solid line) in Fig. 11
is slightly broader than the corresponding experimental
result (black dots). Given these non-idealities, we found
it informative to test how good the match could be if
certain measured parameters were allowed to be tuned
by a small amount in the theory. In doing so, we have
produced the theoretical curves shown in Fig. 12, where
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- idler forward (SB-IF) (blue dots), and signal backward - idler backward (SB-IB) (magenta dots) are plotted, along with their
corresponding theoretically predicted pair correlation waveforms (solid lines). Inset denotes adjustments from theoretically
calculated relative phase between intracavity pump modes and measured (m) cavity properties.
the changes to measured values are listed in the inset.
Here, the agreement between theory and experiment is
extremely good, further strengthening the assertion that
our theory describes the predominant physics of the sys-
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tem. However, we stress that these theoretical curves
have not been included in the main text, because they
incorporate small changes to measured values.
Thus far, we have described the manner in which the
theory plots were obtained for the Γ < β case. The same
procedure was applied to the Γ ≈ β and Γ > β cases, for
which we used the measured values from Fig. 10(f)-(h)
and Fig. 10(j)-(l), respectively. Additionally, in both of
these cases the relative phase values that gave the best
match between theory and experiment were φcalc, the
value computed directly from the intracavity pump fields
(Eq. H6 & H7), without any additional tuning.
J. Balancing the optical energy between
intracavity pump modes
Here, we consider the implications of balancing the op-
tical energy stored between the counter-propagating in-
tracavity pump modes. In general, the intracavity pump
modes will have unique values of stored optical energy
(f 6= b, where f ≡ |apf(∆)|2 and b ≡ |apb(∆)|2), as de-
termined by the photon decay rates and modal coupling
rates of the cavity, along with the laser-cavity detuning
(see Eq. H6 & H7). This is reflected in the pair cor-
relation theory (see Eq. G23-G26) by allowing f and b
to assume any arbitrary values. However, in the special
case that f = b, and after some minor algebra, the pair
correlation functions become,
pc,ff (τ) =
{
|f |2NeΓtiτ |{c0e−iφ − c1} cos (βiτ) + {c2e−iφ + c3} sin (βiτ)|2 (τ < 0),
|f |2Ne−Γtsτ |{c0e−iφ − c1} cos (βsτ)− {c3e−iφ + c2} sin (βsτ)|2 (τ ≥ 0), (J1)
pc,fb(τ) =
{
|f |2NeΓtiτ |{c2e−iφ + c3} cos (βiτ)− {c0e−iφ − c1} sin (βiτ)|2 (τ < 0),
|f |2Ne−Γtsτ |{c2e−iφ + c3} cos (βsτ)− {c1e−iφ − c0} sin (βsτ)|2 (τ ≥ 0), (J2)
pc,bf (τ) =
{
|f |2NeΓtiτ |{c2e−iφ + c3} cos (βiτ)− {c0e−iφ − c1} sin (βiτ)|2 (τ < 0),
|f |2Ne−Γtsτ |{c2e−iφ + c3} cos (βsτ)− {c1e−iφ − c0} sin (βsτ)|2 (τ ≥ 0), (J3)
pc,bb(τ) =
{
|f |2NeΓtiτ |{c0e−iφ − c1} cos (βiτ) + {c2e−iφ + c3} sin (βiτ)|2 (τ < 0),
|f |2Ne−Γtsτ |{c0eiφ − c1b} cos (βsτ)− {c3e−iφ + c2} sin (βsτ)|2 (τ ≥ 0), (J4)
where we have made use of the identity |n1 ± n2eiφ|2 =
|n1 ± n2e−iφ|2 (n1 and n2 are constants). Thus, we see
that when the optical energy stored between the intra-
cavity pump modes is exactly balanced, the pair corre-
lation waveforms from the same path classification (co-
propagating vs. counter-propagating) become indistin-
guishable. A plot of the theory describing this phe-
nomenon may be seen in Fig. 13, where we have set the
photon decay rates and modal coupling rates between the
pump, signal and idler cavity modes to be equivalent.
Here, we clearly see that the pair correlations for the
forward-forward (SF-IF) and backward-backward (SB-
IB) co-propagating path configurations are mutually in-
distinguishable, as well as the pair correlations associ-
ated with the forward-backward (SF-IB) and backward-
forward (SB-IF) counter-propagating path configura-
tions. As mentioned in the main text, this phenomenon
is a consequence of the system possessing an internal
mirror symmetry (with respect to the photon generation
processes) upon exact balancing of the intracavity pump
energies.
In Fig. 13, we see that the correlations belonging to the
co-propagating state classification are maximally corre-
lated at zero delay-time, whereas the opposite occurs for
the correlations associated with the counter-propagating
state classification. As discussed in the main text, by
varying the relative pump phase, we can control the
quantum interference within the device, such that this
behavior is flipped between state classifications. With
φ = 0o, as shown in Fig. 14, the correlations wave-
forms from the same state classification are now perfectly
transposed in comparison to Fig. 13. We note that the
small hump appearing in the correlation waveforms cor-
responding to the co-propagating states (see Fig. 14) is a
consequence of the coupling vs total photon decay rate.
This feature can be made arbitrarily small by increasing
the rate of coupling compared to the rate of decay (as
we have done in theoretical investigations not presented
here). In fact, the presence or absence of this feature is a
manifestation of the distinguishability between alterna-
tive two-photon pathways within the system. When the
coupling rate is comparable to the photon decay rate,
20
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FIG. 14. Theoretical prediction of pair correlation waveforms with intracavity pump energies and φ = 0o. The pair correlations
are flipped with respect to the φ = 180o case. For simplicity, we have chosen to set the photon decay rates and modal coupling
rates for the pumps, signal and idler cavity modes to be the same.
we gain some knowledge about whether a photon origi-
nally came from the forward or backward traveling mode.
However, when the coupling rate is much greater than the
photon decay rate, then the ’which-path’ information is
totally removed from the system, allowing for perfect in-
terference visibility and complete removal of the hump.
K. Response of pair correlations to laser-cavity
detuning around resonance
Here, we provide detailed versions of a subset of the
pair correlations appearing in Fig. 6 of the main text.
The experimental results in that figure were obtained
by varying the laser-cavity detuning about resonance
(as indicated by the laser locking points in Fig. 15(a),
which was copied from Fig. 6(a) in the main text),
which induces a large relative phase shift between the
counter-propagating intracavity pump modes, as shown
in Fig. 15(b) (which was copied from Fig. 6(b) of the
main text). Although all eight points are important in
characterizing the pump-induced interference phenom-
ena, the most pronounced changes occur between the de-
tuning values labeled as (4) and (5) (see Fig. 15(a),(b)),
because this transition includes tuning through the reso-
nance frequency of the pump cavity mode. Here, we pro-
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FIG. 15. Response of the pair correlations to laser-cavity detuning across the pump resonance. Theoretical plots of (a) the
pump transmission profile and (b) relative phase between counter-propagating pump modes with the labels, (1)-(8) denoting
the detuning values ∆ = (-0.21, -0.16, -0.11, -0.06, 0.35, 0.38, 0.41, 0.44) GHz, respectively. The light-red shading indicates the
unstable locking regions. Cross-correlation waveforms (without background subtraction), measured between (c) signal forward
- idler forward (SF-IF), (d) signal forward - idler backward (SF-IB), (e) signal backward - idler forward (SB-IF), and (f) signal
backward - idler backward (SB-IB) for detuning values (4) and (5) only. As seen in (b), the transition from (4) to (5) tunes
the system through resonance and consequently induces the largest phase shift. Insets depict path configuration.
vide detailed versions of the response of the pair correla-
tions for each path configuration as the carrier frequency
of the pump laser is swept from negative to positive de-
tuning.
L. Experimental setup
Here, we provide a schematic of the experimental setup
(see Fig. 16) used to obtain all of the results appearing
in the main text. A discussion of the experimental tech-
niques and procedures may be found in Appendix B of
the main text; an abridged version of which may be found
in the caption of Fig. 16.
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FIG. 16. Schematic of the experimental setup used to obtain all results presented in the main text. A forward-propagating
pump wave is launched into optical fiber and is split using a 10/90 directional coupler. A small portion (10%) of the pump
light is passed through a Mach-Zehnder interferometer (MZI) and detected with a fast reference photodiode (RPD) in order to
accurately calibrate the fitting of optical resonances. The primary portion (90%) of the pump light passes through a variable
optical attenuator (VOA) to control the input optical power, a fiber polarization controller (FPC) to align the polarization
state to that of the quasi-transverse magnetic mode family within the microdisk, and a course-wavelength division multiplexing
(CWDM) multiplexer (MUX) before evanescently coupling into the microdisk. The transmitted pump light is separated from
the single photon channels by a demultiplexer (DEMUX) and detected with a fast locking photodiode (LPD), in order to lock
the laser to the cavity. Within the microdisk, signal (s) and idler (i) photon pairs are created between the coherently coupled
forward (f) and backward (b) traveling-wave modes via spontaneous four-wave mixing, such that four single photon pathways
are established: signal-forward (SF), signal-backward (SB), idler-forward (IF), and idler-backward (IB). The four single photon
pathways are separated by demultiplexing and sent to optical switches. Photons exiting the switches are then passed through
narrowband tunable bandpass filters (TBF) which remove the Raman noise generated in the delivery optical fiber. The photon
pairs are ultimately detected using superconducting nanowire single photon detectors (SNSPD) with state-of-the-art timing
resolution. The photon arrivals are then processed with a coincidence counter in the time-tagged configuration, such that the
absolute arrival time of every photon detection event is recorded.
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